A theoretical investigation of the low-lying singlet and triplet electronic states of HOOOCl and HOOOBr is presented. Calculations of excitation energies and oscillator strengths using CASSCF, first-order CI, MRCI and the equation of motion coupled-cluster singles and doubles methods are presented. The calculations predict that for HOOOCl and HOOOBr there are two singlet states that are accessible by wavelengths longer than 235 nm. These transitions, however, are predicted to be relatively weak. Spin-orbit calculations yield oscillator strengths for the lowest two triplet states of HOOOBr that are only one order of magnitude smaller than those of its low-lying singlet states.
I. INTRODUCTION
Over the past decade, considerable experimental and theoretical efforts have been directed towards understanding the chemical role involving chlorine species in the atmosphere. This is important because chlorine has been shown to be involved in the catalytic cycles responsible for the destruction of ozone. [1] [2] [3] [4] It is important to have a complete understanding of how chlorine can partition itself into various species, in particular reservoir species, in the atmosphere. The major known chlorine reservoir species are HCl, HOCl, ClONO 2 , and Cl 2 O 2 . Recent atmospheric observations have implied the existence of missing chlorine reservoir͑s͒ in the atmosphere, 5, 6 suggesting that there could be other chlorine species as yet to be identified. There have been several theoretical studies which have examined the possibility of HClO 2 and HClO 3 species as possible new chlorine reservoir species. [7] [8] [9] [10] [11] [12] Matrix isolation studies have been successful in experimentally characterizing HOClO and HClO 2 . 13 Recent discharge flow-flash photolysis experimental studies of the HO 2 ϩClO reaction, along with ab initio studies of the reaction pathways, have suggested that an important intermediate involved in the reaction is HOOOCl. 14 This species is bound [10] [11] [12] with respect to HO 2 ϩClO by 15.4 kcal mol Ϫ1 , suggesting the possible stabilization of the HOOOCl intermediate under high pressure conditions. This has significant implications for the ability of atmospheric models to predict the impact of the HO 2 ϩClO reaction in catalytic ozone destruction cycles. The electronic spectrum is not known for HOOOCl. Our aim in this investigation is to identify salient features of the UV spectrum of HOOOCl that could facilitate its experimental characterization and to determine if there are absorption bands that could absorb in the atmospheric window. We also report excited states for the bromine analogue, HOOOBr.
II. COMPUTATIONAL METHODS
The basis sets used in the present work were based on the correlation consistent basis sets of Dunning and co-workers. [15] [16] [17] [18] The equilibrium geometries of the electronic ground states of HOOOCl and HOOOBr were obtained at the frozen core, singles and doubles coupled cluster level of theory with a perturbational estimate of triple excitations, CCSD͑T͒, 19 with the cc-pVDZ and cc-pVTZ basis sets. Due to recent work recognizing the importance of high exponent d functions for the structure and energetics of molecules containing second row atoms, 20 basis sets including an additional tight d function ͑cc-pVDZϩd and cc-pVTZ ϩd͒ were also used for HOOOCl ͑exponents of 1.689 and 5.156 for DZ and TZ, respectively͒. For a more reliable description of the excited electronic states, diffuse s and p functions from the standard aug-cc-pVnZ basis sets were also added in each case, denoted, e.g., cc-pVTZϩsp.
Calculations of the low-lying excited electronic states of HOOOCl and HOOOBr were carried out at the fixed CCSD͑T͒/cc-pVTZ ͑ϩd for HOOOCl͒ equilibrium geometries. Five different methods of electron correlation were investigated: state-averaged complete active space selfconsistent field ͑CASSCF͒, first order ͑single excitation only͒ multireference configuration interaction ͑FOCl͒, internally contracted singles and doubles multireference CI ͑MRCI͒, 21, 22 MRCI with the addition of the multireference Davidson correction ͑MRCIϩQ͒, and equation of motion singles and doubles coupled cluster ͑EOM-CCSD͒. 23 The CASSCF calculations employed a full valence active space with the exclusion, however, of the nominally 2s orbital of oxygen and the 3s (4s) orbitals of chlorine ͑bromine͒, yielding 18 electrons in 13 orbitals for 143,143 configuration state functions. The core orbitals were obtained from HartreeFock calculations on the ground electronic states, while the 2s and 3s (4s) orbitals were taken from the natural orbitals of a preceding HF-CISD calculation ͑found to provide the most reliable initial guess for the CASSCF͒. The natural orbitals from these state-averaged CASSCF calculations were then used in subsequent multireference CI calculations. The reference configurations for these calculations were selected from their weights in the CASSCF wave functions. Selection thresholds of 0.03 and 0.025 were used for HOOOCl and HOOOBr, respectively, and taking all single and double excitations relative to these reference functions resulted in total numbers of contracted configurations of about 9 million. Only the highest-lying 18 electrons were correlated in these calculations. EOM-CCSD calculations were also carried out, which employed the ground state Hartree-Fock orbitals. Calculations correlating both 18 and 26 electrons were carried out in these cases. The ACES II program package 24 was used for the EOM-CCSD calculations, while the MOLPRO98 suite of ab initio programs 25 was used in all other cases.
III. RESULTS AND DISCUSSION
Both HOOOCl and HOOOBr have C 1 symmetry with 13 doubly occupied valence orbitals to form a 1 A ground electronic state. The two highest energy occupied molecular orbitals correspond to the lone-pair orbitals of the halogen atom ͑X͒. The third highest occupied MO has significant XO bonding character, as well as O nonbonding character. The first three excited singlet and triplet electronic states correspond to single excitations from these orbitals to the lowest unoccupied MO, which has predominately XO * character.
To date, no studies have been reported on the low-lying excited states of HOOOCl and HOOOBr. The vertical excitation energies for HOOOCl and HOOOBr were calculated using ground state geometries for HOOOCl and HOOOBr optimized at the CCSD͑T͒ level of theory. The geometries for both HOOOCl and HOOOBr obtained with the cc-pVDZ, cc-pVTZ, and cc-pVTZϩd basis sets are provided in Table  I . Vertical excitation energies calculated with the cc-pVTZ ϩsp ͑ϩd for HOOOCl͒ basis sets at the cc-pVTZ ͑ϩd for HOOOCl͒ geometries are presented in Table II . Because we are interested in low-lying excited states that are below 6 eV ͑since these are states having low atmospheric chemical relevance͒ preliminary CASSCF calculations were performed to identify those states that are within this constraint. From a five-state CASSCF calculation using the CCSD͑T͒/cc-pVTZϩd geometry for HOOOCl and HOOOBr, only two states were located for HOOOCl and three states were located for HOOOBr below 6 eV. As described above, reference configurations from these CASSCF calculations were used to improve the vertical excitation energies using first-order CI, MRCI, and MRCIϩQ calculations. EOM-CCSD calculations was also performed for comparison. The results of these calculations are presented in Table II .
A. Low-lying singlet excited states
For the excited states of HOOOCl, the difference between the CASSCF and MRCIϩQ energies is quite large, being 0.33 eV for the first excited singlet state and 0.32 eV for the second. For HOOOBr, the differences are 0.30 and 0.31 eV for first and second excited singlet states, respectively. The first excited singlet state for HOOOCl is calculated to be located at 4.38 eV ͑283 nm͒ above the ground state at the MRCIϩQ/cc-pVTZϩdϩsp level of theory. The second excited singlet state is located about 1.0 eV above the first excited state, suggesting that the two low-lying excited states of HOOOCl are well resolved. In general the EOM-CCSD results are only slightly lower than those obtained with MRCIϩQ. This is not true, however, for the third excited singlet where all of the multireference based methods yield an excitation energy of about 7 eV ͑6.89 eV by MRCI ϩQ͒, while the EOM-CCSD value is nearly 0.9 eV lower ͑6.14 eV͒. Presumably this is due to a strong contribution in this state from a doubly excited configuration ͑coefficient of 0.33 in the CASSCF CI vector͒. Calculations correlating the 2s and 3s electrons of oxygen and chlorine, respectively, with the EOM-CCSD method indicate that the vertical excitation energies for all three singlets will slightly decrease by about 0.1 eV. Adding these results to the MRCIϩQ values yields our best predictions for the first three excited sin- B , and C states, respectively. As shown in Table III , these are generally smaller than those calculated at lower levels of theory. For HOOOBr, there are three excited singlet states below 6 eV. The first excited singlet is located at 3.66 eV ͑339 nm͒ and is similar to the electronic transition in HOOOCl. However, the transition is red-shifted from HOOOCl by 56 nm upon replacement of the chlorine by bromine. This redshift in excited state positions upon bromination has been previously observed in other closed-shell compounds. The second excited singlet state of HOOOBr is calculated to be located at 4.50 eV ͑276 nm͒ above the ground state at the MRCIϩQ/cc-pVTZϩsp level of theory. Similarly to HOOOCl, these first two states are separated by about 0.8 eV, suggesting that they are also well separated and should be spectrally resolved. Consistent with HOOOCl, the third excited singlet lies just over 1 eV above the B state at 5.88 eV. Using the MRCIϩQ and EOM-CCSD calculations as in HOOOCl, low-lying excited singlet states of HOOOBr are predicted to lie at 3.61, 4.37, and 5.79 eV. As shown in Table III , their MRCI/cc-pVTZϩsp oscillator strengths are calculated to be similar to HOOOCl: 7.3ϫ10 Ϫ5 , 1.1 ϫ10 Ϫ3 , and 5.7ϫ10 Ϫ2 . Thus, for both HOOOCl and HOOOBr the first two singlet states are predicted to be relatively weak, while the third singlet should be significantly more intense. It is interesting to note that unlike HOOOCl, the excitation energy for the C state calculated by the EOM-CCSD method is within ϳ0.3 eV of the MRCIϩQ result.
B. Low-lying triplet states
For a treatment of the low-lying triplet states of HOOOCl and HOOOBr only CASSCF and FOCI calculations were carried out ͑at the same fixed geometries as for the singlet states͒. In the FOCI calculations the reference function was defined by all configurations that could be formed by distributing 0-2 electrons in the non-HF orbitals of the full valence CASSCF space, i.e., the lowest four orbitals unoccupied in the ground state HF configuration. All single excitations from the resulting 703 configuration state functions yielded CI expansions of over 7 million configurations. A similar calculation was carried out for the ground state singlet, and the FOCI expansions for this state was on the order of 4 million. As shown in Table II , there is actually little difference between the CASSCF and FOCI vertical excitation energies. For HOOOCl the first triplet is calculated at the FOCI level of theory to be located 3.78 eV ͑328 nm͒ above the ground state, while the second triplet should be located at 4.90 eV ͑253 nm͒. The analogous transitions in HOOOBr are calculated to lie lower in energy by 0.57 and 0.77 eV, respectively.
In order to calculate the oscillator strengths for the transitions from the ground singlet state to these low-lying triplets, knowledge of the spin-orbit matrix elements coupling these states is required. In this work individual spin-orbit matrix elements were calculated using the full one-and twoelectron Breit-Pauli spin-orbit operator as implemented 26 in the MOLPRO program suite. The basis set for these calculations consisted of the standard cc-pVTZ basis set on all atoms, but without the f (O, Cl, Br) or d(H) polarization functions. These sets were augmented by diffuse s and p functions in the cases of O, Cl, and Br from the standard aug-cc-pVTZ sets, as well as a single tight p function for O, as described in the context of similar calculations on the F atom spin-orbit splitting by Nicklass et al. 27 In the present work the state-interacting method is employed whereby the spin-orbit eigenstates are obtained by diagonalizing Ĥ el ϩĤ SO in a basis of eigenfunctions of Ĥ el . The electronic states included the first four singlet states and first two triplets. The electronic wave functions were obtained from stateaveraged CASSCF calculations with an active space similar to the one described above, but truncated to just eight electrons in eight orbitals ͑i.e., five additional low-lying orbitals were held doubly occupied in all configurations͒. Since these wave functions do not yield very accurate state separations, the FOCI excitation energies as given in Table II were used for Ĥ el . After the diagonalization, the resulting eigenfunctions were used with the CASSCF dipole matrix elements ͑see, e.g., Ref. 28͒ to calculate the spin-orbit coupled dipole transition matrix elements between the ground and excited states. The resulting oscillator strengths ͑summed over each triplet of spin-orbit eigenstates͒ for the singlet-triplet transitions are also shown in Table III . In the case of HOOOCl, these transitions are predicted to be very weak-nearly two orders of magnitude smaller than the weakest singlet-singlet transitions. For HOOOBr, however, the two singlet-triplet transitions are much stronger, although still relatively weak with oscillator strengths about one order of magnitude smaller than the weakest singlet-singlet bands.
IV. CONCLUSIONS
Accurate ground state equilibrium geometries and vertical electronic excitation energies have been calculated for the HOOOCl and HOOOBr molecules using several electron correlation methods. Two singlet excited electronic states are predicted to lie below 6 eV for HOOOCl, while there are three in that energy range for HOOOBr. Only the third excited singlet states, which are predicted to lie at 6.82 and 5.79 eV for HOOOCl and HOOOBr respectively, have appreciable oscillator strengths from the ground state. The excitation energies calculated from the EOM-CCSD method were found to be in good agreement with the more accurate multireference CI results ͑FOCI and MRCI͒ for the first two excited singlet states. Much larger differences were observed for the third excited singlet, especially in the case of HOOOCl. Even in this case, however, the calculated oscillator strengths were in reasonable agreement. Calculations of Breit-Pauli spin-orbit matrix elements were also carried out to estimate the oscillator strengths of the two lowest-lying triplet states of these two species. These calculations suggest that those of HOOOBr may be detectable by experiment. There are some interesting atmospheric implications of these results. If HOOOBr is produced, given where the first excited state is predicted to lie, significant actinic fluxes are available at these wavelengths throughout the lower region of the atmosphere and photolysis of HOOOBr could be a removal route for these species. On the other hand, for HOOOCl, because the first excited state is located in the UV region, significant actinic fluxes are available in the midstratosphere for its photolysis, suggesting that there could be regions in the lower stratosphere where photolysis of HOOOCl could be slow. 
